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(57) ABSTRACT

A relay telemetry system enables an ion propulsion system to
self-test the critical relay configuration prior to supplying
high-voltage power to any thruster. This test detects whether
any critical relay has failed to switch properly or is in the
wrong configuration. In the test mode, an onboard computer
initiates the application of a low-voltage test voltage (nomi-
nally 15 V) to the high-voltage circuits (when the high voltage
is off) by a stimulus circuit. Sensing circuits detect the inputs
and outputs of the system connections in response to this
stimulus. If the test voltage appears on an input or output
where it is not expected, then a relay fault has occurred and
will be detectable in telemetry sent back to the onboard com-
puter.
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TELEMETRY FOR TESTING SWITCH
CONFIGURATION IN ION PROPULSION
SYSTEM

BACKGROUND

This disclosure generally relates to apparatus and methods
for optimizing the operation of ion thruster arrays.

Ion propulsion generally involves employing an ionized
gas accelerated electrically across charged grids to develop
thrust. The electrically accelerated particles can achieve very
high speeds. The gas used is typically a noble gas, such as
xenon. The principal advantage afforded by ion propulsion
systems over conventional chemical propulsion systems is
their very high efficiency. For example, with the same amount
of fuel mass, an ion propulsion system can achieve a final
velocity as much as ten times higher than that obtainable with
achemical propulsion system. Although they are efficient, ion
propulsion systems develop very low thrust when compared
with chemical propulsion systems. This reality has narrowed
the range of ion propulsion applications. However, ion pro-
pulsion is well suited for space applications where low thrust
is often acceptable and fuel efficiency is critical. Many space-
craft, including satellites as well as exploration vehicles, use
ion propulsion systems.

For example, spacecraft such as communications satellites
now commonly utilize ion propulsion for station keeping and
other functions. lon thrusters utilize electrical power gener-
ated by the solar cells of the satellite to supply energy to a
propellant to generate the propulsion. In a typical satellite ion
thruster, thrust is created by accelerating positive ions
through a series of gridded electrodes at one end of a thrust
chamber. The electrodes, known as an ion extraction assem-
bly, create thousands of tiny beams of thrust. The beams are
prevented from being electrically attracted back to the
thruster by an external electron-emitting neutralizer. The
power controller is the device which serves to provide elec-
trical control and power to drive the ion thruster, including
control of the emission currents in the discharge and neutral-
izer cathodes.

It is known to use an Xenon Ion Propulsion System (XIPS)
to provide thrust for station keeping and transfer orbit of
satellites. XIPS uses electricity from the Sun and a working
gas to provide propulsion through acceleration of charged
ions. A heritage satellite used four ion thrusters (two pairs)
and had four separate power processing units (referred to here
as “XIPS power controllers” (XPCs)) so that all four thrusters
would be capable of being turned on simultaneously. Conse-
quently, this added considerably to the mass required to drive
the ion thruster array.

U.S. Pat. No. 6,948,305 disclosed an XIPS comprising a
power processing system having reduced mass. That power
processing system allowed a single XPC (referred to as a
“power processing unit” in that patent) to power a plurality of
ion thrusters in an array with the voltage-regulated supplies
common to certain elements of the ion thrusters. (The current-
regulated supplies have individual outputs so as to provide
desired controlled currents to the anodes, keepers and heat-
ers.) The advantage of this approach is mass savings in the
voltage-regulated supplies and a significant reduction in the
overall packaging mass.

It is further known to equip a satellite with two redundant
subsystems, each subsystem comprising one XPC wired to
two ion thrusters. The two subsystems are completely inde-
pendent, but both subsystems can be rendered inoperative if,
for example, one subsystem has a thruster problem and the
other subsystem has a XPC problem. To address this problem,
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an XIPS Relay Unit (XRU) was added between the ion thrust-
ers and the XPC. This XRU allowed the ion thrusters and the
XPC of the other redundant subsystem to be used. As a result,
either XPC could fire any one of four ion thrusters. The
addition of the XRU allowed for multiple failures in the XPC
and thrusters, while maintaining a working subsystem. All
that was required to maintain spacecraft control was thrust
from one thruster. Each XRU consisted of a relay bank oper-
ated by a relay driver circuit. The ion thrusters and XPC were
wired to give maximum redundancy. A known XRU design
utilizes up to 36 relays to perform the switching function.

Inthe event that one of the relays fails to switch properly or
is in the wrong configuration, it is possible that all four thrust-
ers will be energized with XPC power. If any one of the four
thrusters has an electrical short, then no thruster can be fired.
The existing solution is to use daughter relays to indicate the
commands were properly sent and a signal pulse was received
by the critical relays. In addition, the first turn-on of the ion
thruster would determine if a fault has occurred. In addition,
one XRU design utilizes redundant relays to protect against a
single relay fault on critical circuits.

In the event that a relay fault has occurred, it would be
desirable to take corrective action prior to the start of the XIPS
operation. There is a need for means for enabling an XIPS to
test the critical relay configuration prior to operation of the
XIPS so that corrective action can be taken.

SUMMARY

The XRU relay telemetry system disclosed herein com-
prises circuitry installed in an XRU which enables the XIPS
to test the critical relay configuration prior to supplying high-
voltage power to any thruster. This test will detect if any of the
critical relays in the XRU have failed to switch properly or are
in the wrong configuration. In the test mode, the onboard
computer initiates the application of a low-voltage test volt-
age (nominally 15 V) to the high-voltage circuits (when the
high voltage is off) by a stimulus circuit installed in the XRU.
Sensing circuits installed in the XRU detect the inputs and
outputs of the XRU’s XIPS connections in response to this
stimulus. If the test voltage appears on an input or output
where it is not expected, then a relay fault has occurred and
will be detectable in the XRU telemetry which is sent back to
the onboard computer. The stimulus and sensing circuits are
protected through high-voltage resistors, so no damage will
occur when the XIPS is fired.

The proposed XRU relay telemetry system allows the
XIPS to self-test the XRU relays. If a relay fault has occurred,
then the self-test telemetry will be incorrect, i.e., the telem-
etry output will not match truth table data stored in computer
memory onboard the satellite or on the ground. Upon recog-
nition that the telemetry indicates a relay fault, corrective
action can be taken prior to the start of XIPS operation. In
addition, the self-test will identify which relay of a fault-
tolerant circuit has failed to switch. This system provides a
positive indication of the XRU relay configuration (i.e., the
present state of the switches) prior to firing. In this manner,
proper configuration of each XRU can be ensured without
risking damage to the XIPS and without having to do a
lengthy test burn or other operationally constraining proce-
dure.

One aspect of the subject matter disclosed herein is a
method for self-testing by an electronic system that includes
a multiplicity of high-voltage switching circuits. The method
may comprise: applying a low-voltage test voltage to a
respective conductor of each high-voltage switching circuit
of the multiplicity in sequence; and sensing the voltages
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which occur at respective other conductors of the high-volt-
age switching circuits when the low-voltage test voltages are
applied. In accordance with the embodiments disclosed
below, the electronic system is onboard an orbiting space-
craft.

Another aspect is a method for detecting the state of each of
a multiplicity of high-voltage relays in an electronic circuit.
In accordance with this method, each high-voltage relay has
at least a first switch state in which a first conductor is con-
nected to a second conductor and a second switch state in
which the first conductor is connected to a third conductor.
The method comprises the following operations performed
by self-testing circuitry incorporated in the electronic circuit:
applying a low voltage to the second and third conductors of
a relay in sequence; and sensing the voltages at the first
conductor of the relay when the low voltage is applied to the
second and third conductors.

In accordance with a further aspect, an ion propulsion
system is provided, comprising a high-voltage power supply,
first and second power controllers, first and second ion thrust-
ers, and a multiplicity of high-voltage relays having first and
second switch states. The first and second power controllers
are connected to provide high-voltage power to the first and
second thrusters respectively when the multiplicity of high-
voltage relays are in the first switch state and to the second and
first thrusters respectively when the multiplicity of high-volt-
age relays are in the second switch state. The system further
comprises a low-voltage power supply and low-voltage self-
test circuitry which is capable of selectively providing low-
voltage power to the high-voltage relays of the multiplicity
and detecting voltages in respective conductors of the high-
voltage relays when the low-voltage power is provided. The
ion propulsion system may further comprise a computer sys-
tem which is connected and programmed to perform the
following operations: initiating the selective provision of
low-voltage power to the high-voltage relays by the low-
voltage self-test circuitry; and processing voltages detected
by the low-voltage self-test circuitry when the low-voltage
power is provided to the high-voltage relays.

In accordance with one disclosed embodiment, the low-
voltage self-test circuitry comprises: a pulse generator; a
stimulus circuit connected to receive pulses generated by the
pulse generator; a low-voltage switch connected to the low-
voltage power supply and controlled by a pulse from the
stimulus circuit, wherein first and second high-voltage relays
of the multiplicity of high-voltage relays receive a low-volt-
age pulse from the low-voltage power supply when the low-
voltage switch is turned on by the pulse from the stimulus
circuit; first and second sensing circuits for detecting respec-
tive voltages in respective conductors of the first and second
high-voltage relays when the low-voltage pulse is received by
the first and second high-voltage relays; and a telemetry out-
put circuit connected to the first and second sensing circuits.
The stimulus circuit may comprise a first multiplexer having
an input terminal connected to the pulse generator and first
and second output terminals respectively connected to the
first and second low-voltage switches. The telemetry output
circuit may comprise an output terminal and first and second
input terminals respectively connected to the first and second
sensing circuits. The system may further comprise high-volt-
age resistors which protect the stimulus and sensing circuits.

A broader aspect of the disclosed subject matter is an
electronic system capable of delivering high-voltage powerto
either of first and second electronic devices, comprising: a
multiplicity of high-voltage switching circuits having a first
switch configuration for use when the high-voltage power is
to be delivered to the first electronic device or a second

5

10

15

20

25

30

35

40

45

50

55

60

65

4

configuration for use when the high-voltage power is to be
delivered to the second electronic device; a low-voltage
power supply; and low-voltage self-test circuitry which is
capable of selectively providing low-voltage power to the
high-voltage switching circuits and detecting voltages in
respective conductors of the high-voltage relays when the
low-voltage power is provided. The foregoing electronic sys-
tem may further comprise a computer system which is con-
nected and programmed to perform the following operations:
initiating the selective provision of low-voltage power to the
high-voltage switching circuits by the low-voltage self-test
circuitry; and processing voltages detected by the low-volt-
age self-test circuitry when the low-voltage power is provided
to the high-voltage switching circuits. In accordance with the
embodiments disclosed hereinafter, the high-voltage switch-
ing circuits comprise relays.
Other aspects are disclosed and claimed below.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1 and 2 are diagrams showing two XRU modes,
including a normal mode (FIG. 1) and a cross strapped mode
(FIG. 2).

FIGS. 3A and 3B are circuit diagrams respectively show-
ing a Type A relay configuration and a Type A High Current
relay configuration.

FIGS. 4 and 5 are circuit diagrams respectively showing a
Type C relay configuration and a Type B relay configuration.
The Type B configuration is a high-current version of the
Type C configuration.

FIGS. 6A and 6B are schematics showing one set of nine
power connections for an XRU in accordance with one
embodiment wherein different types of relay configuration
are employed in the same XRU.

FIG. 7 is a schematic showing neutralizer cathode power
connections from two XPCs to four thrusters via two XRUs
(in the normal mode) when one XRU is in an FTS (failed to
switch) fault mode.

FIG. 8 is a schematic showing neutralizer cathode power
connections from two XPCs to four thrusters via two XRUs
(in the normal mode) when one XRU is in an FTC (failed to
connect) fault mode.

FIG. 9 is a block diagram showing the interface between
the onboard computer and an XRU in accordance with one
embodiment of a relay telemetry system for testing.

FIG. 10 is a schematic showing portions of a test circuit
installed in a discharge anode power connection circuit of an
XRU when one relay has failed to switch.

FIG. 11 is a schematic showing in more detail the structure
of a test circuit installed in a discharge anode power connec-
tion circuit of an XRU when one relay has failed to switch. For
the purpose of simplification, only one pair of relays from a
Type A High Current relay configuration are shown.

Reference will hereinafter be made to the drawings in
which similar elements in different drawings bear the same
reference numerals.

DETAILED DESCRIPTION

An ion propulsion system is disclosed having two XIPS
power controllers (XPCs), two XIPS relay units (XRUs), and
four ion thrusters. Each of the four ion thrusters can be fired
by either XPC by properly configuring the XRUs and XPCs.
Another way to state this is that the system will allow any
thruster to be fired by either XPC. This will be done on station
when only one thruster is fired at a time. However, if proper
satellite operation requires that two thrusters be fired at the



US 9,086,060 B1

5

same time, the disclosed system allows either of the two
XPCs to fire any two of the four ion thrusters. The system can
select which two thrusters to fire and then decide which XPC
will fire which thruster by properly configuring the XRUs and
XPCs. One XPC can only operate one thruster at a time. So
whenever two thrusters are to be fired at the same time, both
XPCs mustbe utilized. The presence of a pair of XRUs allows
for multiple failures in both the XPCs and ion thrusters. All
that is required to maintain spacecraft control is thrust from
one ion thruster.

FIGS. 1 and 2 are diagrams showing some (but not all)
modes of a pair of XRUs (XRU A and XRU B) which are
arranged to allow various thrusters to be connected to two
XPCs for extra redundancy. In each of FIGS. 1 and 2, the
following connections are fixed: connector J1 of XPC1 is
connected to connector J11 of XRU A; connector J2 of XPC1
is connected to connector J11 of XRU B; connector J1 of
XPC2 is connected to connector J22 of XRU A; connector J2
of XPC2 is connected to connector J22 of XRU B; connector
J1 of XRU A is connected to Thruster 1; connector J2 of XRU
A is connected to Thruster 2; connector J1 of XRU B is
connected to Thruster 3; and connector J2 of XRU B is con-
nected to Thruster 4.

FIG. 1 shows a normal mode wherein the relays of XRUs A
and B are configured to cause input connectors J11 and J22 of
each XRU to be connected to output connectors J1 and J2
respectively, as a result of which Thrusters 1 and 3 can receive
power from XPC1 and Thrusters 2 and 4 can receive power
from XPC2.

FIG. 2 shows a cross strapped mode wherein the relays
XRUs A and B are configured to cause input connectors J11
and J22 of each XRU to be connected to output connectors J2
and J1 respectively, as a result of which Thrusters 1 and 3 can
receive power from XPC2 and Thrusters 2 and 4 can receive
power from XPC1.

In addition, it is possible (although not shown in FIGS. 1
and 2) that one XRU is in the normal configuration and the
other is in the cross strapped configuration.

The basic structure and operation of an ion thruster for use
on satellites are well known and will only be briefly described
here. Each ion thruster includes an ion extraction assembly, a
housing which forms anionization chamber, a discharge elec-
tron source and an electrode system which are positioned
within the chamber, a magnetic field generator which is also
positioned within the chamber, and a neutralizer positioned
adjacent the ion extraction assembly. The ion thruster is
coupled to a vessel which contains an ionizable gas (e.g.,
xenon) and a power supply system.

In a basic operation of an ion thruster, the ionizable gas of
the vessel is supplied to the chamber via a valve and primary
electrons are injected into the gas from the electron source. A
discharge voltage applied to the electrode system accelerates
these electrons into collisions with gas atoms to generate a
plasma. The magnetic field generator typically includes annu-
lar permanent magnets and is configured to develop magnetic
flux lines proximate to the housing. These flux lines direct
electrons along extended paths and thus enhance the genera-
tion of the plasma. In accordance with one embodiment, the
ion extraction assembly has a screen grid, an accelerator grid
and a decelerator grid (the decelerator grid is optional). Elec-
trical power from the power supply system is applied to the
grids to cause the ion extraction assembly to extract an ion
beam from the plasma and accelerate it away from the
thruster. The ion beam generates a force upon the ion thruster
and spacecraft to which it is attached.

If not otherwise compensated, the positive charge flow of
the ion beam would develop a negative charge on the ion
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thruster that would degrade the thruster’s force. Accordingly,
the neutralizer injects an electron stream into the proximity of
the ion beam to offset its charge-depleting effects. The elec-
tron stream also partially neutralizes the positive space charge
of the ion beam to prevent excessive beam divergence.

As is well known in the art of xenon ion propulsion, each
XRU comprises nine different circuits required to provide
power from one XPC to one thruster, each circuit being
capable of forming respective electrical connections between
the XPC and the thruster. The electrical connections are made
by controlling the states of the relays incorporated in each
circuit.

More specifically, it is known that a typical XPC comprises
a screen power supply, an accelerator power supply and a
decelerator power supply, each of which is a voltage-regu-
lated power supply. The typical XPC further comprises a
discharge power supply, discharge keeper and heater power
supplies, and neutralizer keeper and heater power supplies, all
of which are current-regulated power supplies.

The discharge electron source of a typical ion thruster
comprises a cathode, a keeper electrode and a heater which,
when proper electrical connections have been made, receive
current from the discharge heater power supply of the XPC.
The discharge keeper supply of the XPC places a positive
voltage on the thruster keeper electrode to initiate a plasma
discharge and provide electrons to the ionization chamber.
The electrode system of the thruster includes a discharge
cathode and a discharge anode. A discharge voltage is placed
across the electron source and the discharge anode of the
thruster by the discharge supply of the XPC to accelerate the
primary electrons through the ionizable gas. The accelerator
power supply accelerates ions out of the thruster. The thruster
neutralizer (not shown) includes a neutralizer cathode, a
keeper electrode and a heater which are substantially the same
as the discharge cathode, discharge keeper electrode and dis-
charge heater that are positioned in the ionization chamber. A
neutralizer heater power supply of the XPC is coupled across
the neutralizer heater to generate an electron supply and a
neutralizer keeper power supply of the XPC places a positive
voltage on the neutralizer keeper electrode to initiate a plasma
which is the source of the electron stream.

The typical XPC further comprises a lower supply bus and
an upper supply bus. The lower supply bus is referenced to a
spacecraft “ground” and the potentials of these supply buses
are electrically separated by the voltage differential of the
screen power supply. The lower supply bus references the
neutralizer keeper power supply, the neutralizer heater power
supply, the accelerator power supply and the decelerator
power supply. A Zener diode in the lower supply bus allows it
to float negative with respect to the spacecraft potential to
realize a potential which causes the electron stream to equal-
ize the ion beam. The upper supply bus references the dis-
charge power supply, the discharge keeper power supply, the
discharge heater power supply and the screen grid to the
discharge electron source. The discharge power supply is
coupled to the discharge anode of the thruster to provide
ionizing power to the fuel (e.g., xenon) and the screen power
supply is coupled to the discharge cathode of the thruster to
drive the main beam.

All of the above-described electrical connections between
XPCs A and B and Thrusters 1-4 are made and broken by
XRUs comprising sets of relay which may have different
configurations. In accordance with one embodiment, each
XRU uses relays configured in one of three different configu-
rations. The configuration that is used for each circuit
depends on current requirement and severity of damage if a
relay failure were to occur. The sample configurations shown
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in FIGS. 3A, 3B, 4 and 5 are for one circuit and exclude
redundant wires from connector(s).

FIG. 3A shows a Type A relay configuration, while FIG. 3B
shows a high-current version of the Type A relay configura-
tion. The Type A and Type A High Current relay configura-
tions have identical effects, so they will be treated herein as
the same configuration. As seen in FIG. 3 A, the Type A relay
configuration consists of four relays connected as shown. As
seen in FIG. 3B, the Type A High Current relay configuration
consists of eight relays connected as shown. When the relays
are switched to the normal mode, XPC1 will be electrically
connected to Thruster 1, while XPC2 will be electrically
connected to Thruster 2. When the relays are switched to the
cross strapped mode, XPC1 will be electrically connected to
Thruster 2, while XPC2 will be electrically connected to
Thruster 1.

FIG. 4 shows a Type C relay configuration. The Type C
configuration is the simplest and has fewer damaging effects
in a failure case. As seen in FIG. 4, the Type C relay configu-
ration consists of two relays connected as shown. Again,
depending on the states of the two relays, XPC1 and XPC2
can be electrically connected to Thrusters 1 and 2 either in the
normal mode or the cross strapped mode.

FIG. 5 shows a Type B relay configuration. The Type B
configuration is a high-current version of the Type C configu-
ration, but has additional fault modes. As seen in FIG. 5, the
Type B relay configuration consists of four relays connected
as shown. Again, depending on the states of the four relays,
XPC1 and XPC2 can be electrically connected to Thrusters 1
and 2 either in the normal or cross strapped mode.

FIGS. 6A and 6B show one set of nine power connections
for an XRU in accordance with one embodiment in which
different types of relay configuration are employed in the
same XRU. All relays are in the normal mode. As seen in FIG.
6A, the power connection for the discharge anode consists of
a set of eight relays arranged in a Type A High Current
configuration; the power connection for the discharge cath-
ode consists of a set of four relays arranged in a Type B
configuration; and the power connection for the neutralizer
cathode consists of two relays arranged in a Type C configu-
ration. As seen in FIG. 6B, the power connections for the
accelerator, neutralizer cathode heater, neutralizer keeper and
decelerator consist of respective sets of two relays arranged in
a Type C configuration; and the power connections for the
discharge cathode heater and discharge keeper consist of
respective sets of four relays arranged in a Type A configu-
ration. In the normal mode, the relays are set to states such
that connector J11 is connected to connector J1, while con-
nector J22 is connected to connector J2. Conversely, in the
cross strapped mode, the relays are set to states such that
connector J11 is connected to connector J2, while connector
J22 is connected to connector J1.

If extra series relays were not utilized on the critical cir-
cuits, then a single relay that failed to switch when com-
manded will allow leakage of the high voltage to the other
XPC and thrusters. Depending on the configuration, this leak-
age of high voltage could cause undesirable electrical over-
stress.

During operation of the XIPS, each XPC is always electri-
cally connected to two thrusters even though the XPC only
fires one thruster at a time. In order for the proper thruster to
fire, three things are needed: (1) power from the XPC; (2)
xenon gas flow; and (3) preheat. Only the thruster that is being
fired will have gas flow and preheat. The thruster that is not
being fired will have power from XPC, but not the required
gas flow and preheat. If the thruster that is not being fired
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develops a short, the XPC will not be able to provide sufficient
power to the thruster that is supposed to be firing.

In accordance with one embodiment, relay telemetry is
implemented using a low-voltage self-test circuit. This test
circuit will be installed on all of the XIPS circuits (i.e., dis-
charge anode, discharge cathode, discharge keeper, discharge
heater, neutralizer cathode, neutralizer keeper, neutralizer
heater, decelerator and accelerator). For the purpose of illus-
tration, FIG. 7 shows neutralizer cathode power connections
from two XPCs to four thrusters via XRUs A and B (in the
normal mode) when one of the relays 26a (of a Type C
configuration) has failed to switch (i.e., the relay contact has
not moved), while FIG. 8 shows the same power connections
when one relay 265 has failed to connect (i.e., the relay
contact has moved only part way). If relay 264 shown in FIG.
7 fails to switch, all four thrusters can be energized with
power from XPC 1. If any one of these four thrusters has an
electrical short, then no thruster can be fired. The purpose of
adding XRU relay telemetry is to provide means for reading
relay status directly to determine if a relay has failed to
switch, as shown in FIG. 7. Telemetry is not provided for a
relay that has failed to connect. In the latter case, the thruster
can still be fired, but with loss of redundant path.

In accordance with the embodiments disclosed herein, the
telemetry is initiated by an onboard computer. FIG. 9 shows
the interface between the onboard computer 10 and an XRU
12. Each XRU is provided with a low-voltage self-test circuit
comprising the following hardware components for perform-
ing the circuit test function: a test pulse generator 14, a stimu-
lus multiplexer (MUX) 16 and a telemetry multiplexer
(MUX) 24. The self-test feature is initiated by a command
from the onboard computer 10 (output from either port
labeled “Self Test On” in FIG. 9). The command is sent while
the XPCs and thrusters are turned off. In response to such a
command, test pulse generator 14, which comprises an inter-
nal timer, generates test pulses and increments the stimulus
MUX 16 to generate each test case. The test pulses are output
by the stimulus MUX 16 to control the application of the test
voltage to the respective XRU power connection circuits.

Still referring to FI1G. 9, the self-test circuitry further com-
prises a multiplicity of voltage sensing circuits 20 which
measure the voltages on the XRU inputs and outputs when a
test voltage pulse is applied to any pair of relays. [f both relays
receiving the low-voltage test pulse are closed, the associated
sensing circuits 20 will both sense the test voltage; if one of
the two relays receiving the low-voltage test pulse has failed
to switch to a closed position, one of the associated sensing
circuits will sense the test voltage applied to the closed relay,
white the other sensing circuit will sense zero voltage due to
the open relay. This provides means for directly reading the
relay status to determine if any relay has failed to switch. For
each set of four relays, this test is repeated four times, once for
each of the four switch states of that four-relay set.

To illustrate the foregoing aspect, the reader’s attention is
directed to FIG. 10, which shows portions of a test circuit
installed in a discharge anode power connection circuit of an
XRU when one relay 285 has failed to switch. A simplified
representation of the 15-V test voltage being applied by a
stimulus MUX having terminals A through H that respec-
tively connect to the uppermost set of eight relays is included
within a pair of dashed ellipses. Similarly, the lower eight
relays are connected to eight other output terminals (not
shown) of a stimulus MUX incorporated in the other XRU.

In accordance with the embodiment shown in FIG. 10,
eight outputs (A through H) of a stimulus MUX are connected
to different inter-relay conductors of an eight-relay Type A
High Current relay configuration that includes relays 28a-284
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and 30a-304. Output A is connected to the conductor which
connects relays 28a and 285 to each other; output B is con-
nected to the conductor which connects relays 285 and 28¢ to
each other; output C is connected to the conductor which
connects relays 28¢ and 284 to each other; output D is con-
nected to the conductor which connects relays 28a and 284 to
each other; output E is connected to the conductor which
connects relays 30a and 305 to each other; output F is con-
nected to the conductor which connects relays 3056 and 30c to
each other; output G is connected to the conductor which
connects relays 30c and 30d to each other; and output H is
connected to the conductor which connects relays 30a and
304 to each other. In addition, the set of relays 284-284 and
304-304 has four sensing circuits 20a-204 associated there-
with. Sensing circuit 20a is connected to the input line for
relays 28a and 30a; sensing circuit 205 is connected to the
output line for relays 2856 and 305; sensing circuit 20c¢ is
connected to the input line for relays 28¢ and 30¢; and sensing
circuit 204 is connected to the output line for relays 284 and
30d. In the example depicted in FIG. 10, because relay 285 is
in an FTS state, when the stimulus MUX outputs atest voltage
pulse on output A, sensing circuit 20a will sense a voltage of
15V whereas sensing circuit 205 will sense a voltage of O V.

Each time an output terminal of the stimulus MUX is
pulsed to apply a low voltage (15 V in the embodiment shown
in FIG. 10) to a group of relays, the outputs from sensing
circuits 20a-20d are received by the telemetry MUX. For
example, if terminal D were pulsed, the outputs from sensing
circuits 20a through 204 would be acquired, forming a set of
test case data which can be compared to the associated telem-
etry signature in a pre-stored set of truth tables. If the test case
data matches a telemetry signature associated with a particu-
lar fault, corrective action can be taken before the XIPS is
turned on.

Returning to FIG. 9, the outputs (i.e., test case data 22)
from the sensing circuits 20 are input to the telemetry MUX
24. Since the XPCs are off, the test voltage should only appear
on the proper circuits as determined by the present XRU relay
configuration. The pulses from the test pulse generator 14 are
forwarded by the stimulus MUX 16 to the telemetry MUX 24,
thereby synchronizing the telemetry with the test cases. When
the telemetry data from the spacecraft is received on the
ground after the testing has been completed, the spacecraft
operator needs to have both the test case input and also the
resulting output in order to have a complete understanding of
the state of the XRUs. The Start/Stop and Test Case Encoding
circuitry 18 is tied to the telemetry MUX 24 so that the
spacecraft operator can readily determine what the exact
stimulus was that resulted in a particular output.

The test case data 22 is encoded as a series of analog output
pulses that are sent to an “Analog TM Out” port of the
onboard computer 10. This test case data 22 can be monitored
by the onboard computer 10 or transmitted for monitoring on
the ground. If the telemetry pattern is not as desired for the
XRU relay configuration, then an improper relay configura-
tion can be deduced and appropriate corrective action can be
taken. More specifically, prior to testing, telemetry detection
truth tables in the form of charts can be generated which detail
the expected telemetry, i.e., the expected states of the relays of
interest. In particular, these truth tables show the expected
telemetry signature for each of a multiplicity of possible
major faults that would cause damage to the XPCs or thrust-
ers. (The Type C relay configuration does not need a truth
table. If a type C relay configuration suffers a fault, the XPC
will not be allowed to turn on by internal XPC logic. Thus no
damage will occur to the thruster, XPC or XRU.)
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FIG. 11 shows further details of a self-test circuit installed
in a discharge anode power connection circuit of an XRU. For
the purpose of simplification, only one pair of relays from a
Type A High Current relay configuration are shown. Relay
295 is shown in an FTS state. As shown in FIG. 11, each
output pulse from stimulus MUX 16 turns on a respective
transistor 26, which applies a low voltage (e.g., 15 V) to each
power connection circuit (in sequence) via a respective pair of
high-voltage (e.g., 5-megaohm) resistors 32 and 34. These
high-voltage resistors protect the self-test circuit when the
high voltage is on during XIPS operation. As seen in FIG. 11,
each transistor 26 has a respective Zener diode 36 associated
therewith.

Still referring to FIG. 11, operational amplifier 40 corre-
sponds to the Start/Stop and Test Case Encoding circuitry 18
shown in FIG. 9. The operational amplifier 40 receives the
pulse from stimulus MUX 16 which switches transistor 26 on
and outputs an encoded analog version of that pulse to the
telemetry MUX 24.

The circuitry of two sensing circuits is also shown in FIG.
11. A first sensing circuit is connected to the input to relay
28a, while a second sensing circuit is connected to the output
of relay 28b. The first sensing circuit comprises two series-
connected high-voltage resistors 32a, 344, a Zener diode 36a,
and an operational amplifier 40a connected as shown, while
the second sensing circuit comprises two series-connected
high-voltage resistors 325, 34b, a Zener diode 365, and an
operational amplifier 405 connected as shown. The signal
output from operational amplifier 40a to the telemetry MUX
24 when transistor 26 is turned on indicates the state of relay
28a, while the signal output from operational amplifier 405 to
the telemetry MUX 24 when transistor 26 is turned on indi-
cates the state of relay 285.

The Zener diodes 36, 36a and 365 allow for a larger sensing
voltage while preventing the sensing points from exceeding
the telemetry circuit’s maximum voltage when the high volt-
age is on. Without the Zener diodes, the voltage applied
during the self-test operation would need to be lower.

If testing reveals that the XRU relay configurations are
correct, the XIPS can be then be turned on to perform the
required spacecraft maneuver. The power supplies that power
up a selected thruster are provided by one of the XPCs. The
4.5 kilowatts of power sent to the selected thruster from the
XPC is switched by the appropriate XRU. The power supplies
from the XPC are turned on and off by the on-board computer
(item 10 in FIG. 9), but the fine adjustments of the output
power, for the purpose of keeping the thruster’s operation
stable, are done internally in the XPC; the on-board computer
merely commands the XPC to start and stop the thruster
power.

The ion propulsion system is preferably designed to allow
switching of voltages up to 2000 volts and associated currents
up to 25 amperes.

While ion propulsion systems have been described with
reference to particular embodiments, it will be understood by
those skilled in the art that various changes may be made and
equivalents may be substituted for elements thereof without
departing from the scope of the teachings herein. In addition,
many modifications may be made to adapt a particular situa-
tion to the teachings herein without departing from the essen-
tial scope thereof. Therefore it is intended that the claims set
forth hereinafter not be limited to the disclosed embodiments.

As used in the claims, the term “computer system” should
be construed broadly to encompass a system having at least
one computer or processor, and which may have two or more
interconnected computers or processors.
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The method claims set forth hereinafter should not be
construed to require that the steps recited therein be per-
formed in alphabetical order or in the order in which they are
recited. Nor should they be construed to exclude any portions
of two or more steps being performed concurrently.

The invention claimed is:

1. An ion propulsion system comprising first and second
power controllers making available a high-voltage power,
first and second ion thrusters and a multiplicity of high-
voltage relays, said multiplicity of high-voltage relays having
first and second switch states, said first and second power
controllers being connected to provide high-voltage power to
said first and second thrusters respectively when said multi-
plicity of high-voltage relays are in said first switch state, said
first and second power controllers being connected to provide
high-voltage power to said second and first thrusters respec-
tively when said multiplicity ofhigh-voltage relays are in said
second switch state, said system further comprising a low-
voltage power supply making available a low-voltage power
and low-voltage self-test circuitry which is capable of selec-
tively providing said low-voltage power to said high-voltage
relays of said multiplicity and detecting voltages in respective
conductors of said high-voltage relays when said low-voltage
power is provided.

2. The ion propulsion system as recited in claim 1, further
comprising a computer system which is connected and pro-
grammed to perform the following operations: initiating the
selective providing of low-voltage power to said high-voltage
relays by said low-voltage self-test circuitry; and

processing voltages detected by said low-voltage self-test
circuitry when said low-voltage power is provided to
said high-voltage relays.

3. The ion propulsion system as recited in claim 1, wherein
said low-voltage self-test circuitry comprises:

a pulse generator;

a stimulus circuit connected to receive pulses generated by

said pulse generator;

a first low-voltage switch connected to said low-voltage
power supply and controlled by a pulse from said stimu-
lus circuit, wherein a first high-voltage relay of said
multiplicity of high-voltage relays receives a low-volt-
age pulse from said low-voltage power supply when said
first low-voltage switch is turned on by said pulse from
said stimulus circuit;

a first sensing circuit for detecting a first voltage in a
conductor of said first high-voltage relay when said low-
voltage pulse is received by said first high-voltage relay;
and

a telemetry output circuit connected to said first sensing
circuit.

4. The ion propulsion system as recited in claim 3, further
comprising a second low-voltage switch, wherein said stimu-
lus circuit comprises a multiplexer having an input terminal
connected to said pulse generator and first and second output
terminals respectively connected to said first and second low-
voltage switches.

5. The ion propulsion system as recited in claim 3, further
comprising a second sensing circuit, wherein said telemetry
output circuit comprises a multiplexer having an output ter-
minal and first and second input terminals respectively con-
nected to said first and second sensing circuits.

6. The ion propulsion system as recited in claim 3, wherein
said first sensing circuit outputs an encoded analog signal
indicative of a state of said first high-voltage relay when said
low-voltage pulse is received by said first high-voltage relay.
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7. The ion propulsion system as recited in claim 3, further
comprising high-voltage resistors which protect the stimulus
and sensing circuits.

8. The ion propulsion system as recited in claim 3, wherein
a second high-voltage relay of said multiplicity of high-volt-
age relays also receives said low-voltage pulse from said
low-voltage power supply when said first low-voltage switch
is turned on by said pulse from said stimulus circuit, further
comprising a second sensing circuit for detecting a second
voltage in a conductor of said second high-voltage relay when
said low-voltage pulse is received by said second high-volt-
age relay.

9. An electronic system configured to deliver high-voltage
power to either of first and second electronic devices of an ion
propulsion system, comprising:

a high-voltage power supply making available said high-

voltage power;

a multiplicity of high-voltage switching circuits, said mul-
tiplicity of high-voltage switching circuits having first
and second switch states, wherein said multiplicity of
high-voltage switching circuits in said first switch state
provides said high-voltage power to said first electronic
device and electrically isolates said second electronic
device from said high-voltage power supply, and
wherein said multiplicity of high-voltage switching cir-
cuits in said second switch state provides said high-
voltage power to said second electronic device and elec-
trically isolates said first electronic device from said
high-voltage power supply;

a low-voltage power supply providing low-voltage power;
and

low-voltage self-test circuitry which is capable of selec-
tively providing said low-voltage power to said high-
voltage switching circuits and to detect voltages in
respective first conductors of said high-voltage switch-
ing circuits arising from the application of said low-
voltage power to said high-voltage switching circuits.

10. The electronic system as recited in claim 9, further
comprising a computer system which is connected and pro-
grammed to perform the following operations: initiating the
selective providing of low-voltage power to said high-voltage
switching circuits by said low-voltage self-test circuitry; and

processing the respective voltages detected by said low-
voltage self-test circuitry when said low-voltage power
is provided to said high-voltage switching circuits.

11. The electronic system as recited in claim 9, wherein
said high-voltage switching circuits comprise relays.

12. The electronic system as recited in claim 9, wherein
said low-voltage self-test circuitry comprises:

a pulse generator;

a stimulus circuit connected to receive pulses generated by

said pulse generator;

a first low-voltage switch connected to said low-voltage
power supply and controlled by a pulse from said stimu-
lus circuit, wherein a first high-voltage switching circuit
of said multiplicity of high-voltage switching circuits
receives a low-voltage pulse from said low-voltage
power supply when said first low-voltage switch is
turned on by said pulse from said stimulus circuit;

a first sensing circuit for detecting a voltage in a conductor
of said first high-voltage switching circuit when said
low-voltage pulse is received by said first high-voltage
switching circuit; and

a telemetry output circuit connected to said first sensing
circuit.

13. The electronic system as recited in claim 12, further

comprising a second low-voltage switch and a second sensing
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circuit, wherein said stimulus circuit comprises a first multi-
plexer having an input terminal connected to said pulse gen-
erator and first and second output terminals respectively con-
nected to said first and second low-voltage switches; and said
telemetry output circuit comprises a second multiplexer hav-
ing an output terminal and first and second input terminals
respectively connected to said first and second sensing cir-
cuits.

14. A self-testing electronic circuit method for detecting
the state of each of the high-voltage switching circuits in the
electronic system of claim 9, wherein the high-voltage
switching circuits further comprise respective second and
third conductors, each respective high-voltage switching cir-
cuit having at least a respective first state in which the respec-
tive first conductor is connected to the respective second
conductor and a respective second state in which the respec-
tive first conductor is connected to the respective third con-
ductor, the method comprising:

(a) applying a first low voltage to the respective second
conductor of one of the respective high-voltage switch-
ing circuits; and

(b) sensing a respective first voltage at the respective first
conductor of the one of the respective high-voltage
switching circuits when the first low voltage is applied to
the respective second conductor.

15. The method as recited in claim 14, further comprising:

(c) applying a second low voltage to the respective third
conductor of the one of the respective high-voltage
switching circuits; and

(d) sensing the respective second voltage at the respective
first conductor of the one of the respective high-voltage

14

switching circuits when the second low voltage is
applied to the respective third conductor.

16. The method as recited in claim 15, further comprising:

(e) determining whether or not each of the sensed respec-

tive first and second voltages equals zero; and

() generating an error signal in response to a determination

that each of the sensed respective first and second volt-
age equals zero.

17. A method for self-testing by an electronic system of
claim 9, comprising:

applying a low-voltage test voltage in sequence to other

respective conductors of said multiplicity of high-volt-
age switching circuits; and

sensing the respective voltages which occur at the respec-

tive first conductors of said multiplicity of high-voltage
switching circuits when the low-voltage test voltages are
applied.

18. The method as recited in claim 17, wherein the elec-
tronic system is onboard an orbiting spacecraft.

19. The method as recited in claim 18, further comprising
transmitting encoded data from the spacecraft to ground, said
data being encoded to indicate the sensed voltages.

20. The method as recited in claim 17, further comprising:

determining whether or not the respective voltages as

sensed indicate an error condition; and

taking action to correct the error condition prior to deliv-

ering high-voltage power to said high-voltage switching
circuits.

21. The method as recited in claim 20, wherein each high-
voltage switching circuit comprises a relay and said error
condition is an improper relay configuration.
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